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3SOLUTION  : MEASURE and CORRECT the wavefront

Astronomy : twin star

Diffraction 
limited

With atmospheric
aberrations

In biology : eye aberrations

Wavefront perturbation



Courtesy: F. Lacombe/observatoire de Paris

Wavefront 
measurement

(shack Hartmann)

Correction 
device

(déformable 
mirror)

Real-time control

Imaging
(CCD)

Retinal Imaging

Conventional adaptive optics



1- Wavefront Control in complex media 

2- non-invasive imaging through 
a thin scatterer

3- A fundamental invariance property of light 

Outline



Scattering “Opaque” media

•In strong heterogeneous media, transport of light is affected 
by scattering effects

scatterer

With a single scatterer: 
microscopic scale

With multiple scatterers: 
mesoscopic scale

•Important mesoscopic quantities: 
Ø scattering mean free path: mean distance between 
scattering events
Ø transport mean free path: distance of propagation over 
which light loses its initial direction
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V Ntziachristos, Going deeper than microscopy: the optical imaging frontier in biology, Nature Methods (2010)
S. Gigan, « Feature » Optical microscopy aims deep, Nature Photonics 11, 14–16 (2017)
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smaller than 1 TMFP (typically <0.5–1 mm); macroscopy, 
denoting depths larger than 10 TMFP (typically >1 cm); and 
mesoscopy, indicating depths of 1–10 TMFP (typically 0.5 mm 
to 1 cm). Although other classifications are possible, for example, 
based on resolution or on the technology used, I selected the clas-
sification based on operation depth and described by MFP and 
TMFP because it allows for a direct comparison of tissue imaging 
photonic techniques against scattering, an important limiting fac-
tor. For each depth regime, I discuss relevant technologies, their 
performance characteristics and application areas.

Deep-tissue microscopic imaging
Microscopy generates images at resolutions below those achieved 
by the naked eye. The performance of many advanced micro-
scopy systems depends upon the ability of a lens to focus light 
on or in tissue. Photon scattering, which degrades this ability at 
increasing depth, fundamentally limits the penetration capacity 
of microscopic imaging.

Confocal and multiphoton microscopy. The most widely used 
technologies for in vivo microscopy of tissues are confocal and 
two- or multiphoton (2P/MP) microscopy7,8. In contrast to con-
ventional microscopy that requires thin tissue sections, confocal 
and 2P/MP microscopy can achieve up to diffraction-limited 
resolution when imaging virtual tissue sections in intact tissue 
volumes, which is an aspect of these methods referred to as ‘tissue 
sectioning’ or ‘optical sectioning’. In particular, laser scanning con-
focal microscopy scans a focused laser beam inside the specimen 
and uses a pinhole to reject photons that arrive to the detector 
from out-of-focus areas; these have been typically scattered mul-
tiple times and contribute to image blurring. Although the pinhole 
rejects a large part of the photons, sufficient signal from the focal 
point can be detected using high-intensity light sources and sen-
sitive detectors. Two-dimensional ‘tissue sections’ are formed by 
scanning the focused beam over a plane in the sample imaged and 
piecing together information from each individual focal area. As 
information is collected only from the laser focal spot at each time  
point, single element detectors such as photomultiplier tubes  
are used. By focusing the beam at different tissue depths, three-
dimensional images can also be generated. Typical imaging is 
restricted to depths of a few MFPs owing to diminishing confocal 
signal with increasing depth, primarily because of scattering.

Whereas 2P/MP microscopy also uses laser-scanning princi-
ples, focused femtosecond laser pulses are used for illumination. 
By concentrating the beam energy in space (focusing) and in time 
(ultrafast pulses) substantial signal can be generated based on 
2P/MP absorption but only within the spatially confined area 
of the focus point. All fluorescence photons generated therefore 
come from a highly localized volume. By collecting light gene-
rated from scanning a laser beam over an area of interest, one 
can piece together two- or three-dimensional images as in con-
focal microscopy. In this case, the photons collected have gener-
ally been scattered multiple times because no pinhole is used. In 
two-photon microscopy, two near-infrared photons (for example, 
900 nm) can excite a fluorochrome in the visible spectrum (for 
example, 450 nm). By collecting all the available light and by using 
near-infrared excitation light, which is attenuated less than the 
visible light used for excitation in confocal microscopy, higher 
penetration can be achieved in two-photon compared to confocal 

microscopy4. Typical two-photon setups usually achieve worse  
resolution than that of confocal microscopes because the diffraction- 
limited focal spots widen as the illumination wavelength increases. 
When expressed in terms of tissue penetration depth in physical 
units (millimeters), the depth of two-photon microscopy (which 
operates in the near-infrared spectral region) is reported as 2–3 
times deeper than confocal microscopy (which operates in the 
visible range). However, this difference is not markedly differ-
ent when expressed in MFP terms because the MFP is longer for 
near-infrared than for visible light.

Together, confocal and 2P/MP microscopy have been used exten-
sively for in vivo imaging of fluorescent proteins, probes or dyes to 
investigate structure, function and molecular events as they occur 
in unperturbed environments9. Two-photon imaging currently 
defines the upper limit of penetration depth in diffraction-limited 
microscopy, achieving depths of about half a TMFP (Fig. 2).

Optical projection tomography. Optical visualization is very 
simple in the absence of light scattering. In transparent media, 
light propagates through tissue as do X-rays, with the major modi-
fying parameter being absorption of the light. In this case, tomo-
graphic approaches similar to those developed for XCT could be 
used for volumetric optical image reconstruction.

Sharpe et al.10 showed that, instead of accounting for the effects 
of photon scattering using a physical solution, chemical treatment 
of the specimen with organic solvents (such as mixture of benzyl 
alcohol and benzyl benzoate) can be used to optically ‘clear’ the 
tissue, that is, to substantially reduce photon scattering and thus 
produce a transparent specimen10. Imaging is then based on tis-
sue trans-illumination over multiple projections, in analogy to 
XCT measurements, using nonfocused light beams. The images 
collected serve as raw data in data inversion algorithms similar to 
those used in XCT, which reconstruct a three-dimensional image 
of the sampled volume. This method, termed optical projection 
tomography (OPT), offers an alternative approach to obtaining 
three-dimensional images of large samples such as small animal 
embryos and organs. The chemical treatment is toxic, however, 
and therefore only appropriate for postmortem imaging.
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Figure 2 | The penetration depth and resolution of modern photonic 
imaging techniques is depicted. For living tissues, the methods at the left 
of the graph are primarily limited by light scattering, whereas methods to 
the right are primarily limited by light attenuation in tissue, a parameter 
that depends on both absorption and scattering, or by ultrasound 
attenuation. Although OPT can operate deeper than the MFP range shown, 
image resolution deteriorates too quickly with increasing MFP to be widely 
useful. hFMT, hybrid FMT.

TWO ISSUES : 

� « Ballistic » 
microscopy fails when
going deep in a 
scattering medium 

� « Diffuse » imaging
in depth has a very
low resolution (mm–
cm) 

The grand challenge in deep optical imaging

Ballistic light is exponentially attenuated with the scattering mean-free-path
(MFP)



A speckle grain = 
• Sum of different paths with random phases

= random walk in the complex plane
• Size limited by diffraction
• unpolarized speckle = 2 independent speckles 

Monochromatic regime

Speckle figure : complex distribution … but coherent therefore controlable!
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Controlling the time and frequency degrees of freedom
The presence of many spatial channels in the optical domain pro-
vides great flexibility for wavefront-shaping experiments. However, 
wavefront shaping only works for a narrow frequency range. By opti-
mizing the focus intensity and then detuning the laser, van Beijnum 
and co-workers56 have shown that the effect of optimization is lost 
after the laser has been detuned by the speckle correlation frequency 
δω. Rather than being a limitation, this allows for even more degrees 
of freedom to control the waves36. An incident light pulse excites 
all the modes that exist within its bandwidth (Fig. 3a). A source 
emits light with many frequency components, each of which causes 
a different speckle pattern. Similarly, tuning the phase of multiple 

spatial components makes it possible to control the relative phases 
and amplitudes of the frequency components, thereby allowing the 
transmitted speckles to interfere constructively at a chosen time. 
This extra dimension of control drastically increases the possibili-
ties offered to an experimentalist.

An experimentalist can select a point in space and measure 
the phase and amplitude of each uncorrelated frequency compris-
ing the spectrum of the field. A very basic way of controlling this 
transient wave field involves adding all the uncorrelated speckles in 
phase on the chosen point at a specific time. This control can be 
achieved by conjugating the phase of each component of the meas-
ured polychromatic wave field and sending it again through the 
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Figure 3 | Taking advantage of the temporal degrees of freedom in complex media. a, A red laser beam creates a speckle pattern after propagating 
through a multiply scattering medium. Shifting the laser frequency by more than the correlation frequency of the medium provides an uncorrelated 
speckle pattern, which is depicted here by the green and blue speckles. A focus in space and time can be created by adjusting the phases and amplitudes 
of the frequency components. b, Top: Selective focusing of ultrasound waves using time reversal. A 1-μs-duration pulse centred at 1.5 MHz is emitted 
from each transducer of a TRM and propagates through a multiply scattering medium towards five receivers. Middle: Example of a 400-μs-long impulse 
response acquired from a TRM/receiver couple. Bottom: Time reversal is used to focus waves spatiotemporally onto five independent foci through the 
scattering medium; a single spot is measured through water. c, Optical pulse transmission through a disordered medium. A 65 fs pulse from a Ti:sapphire 
laser is passed through an SLM before it hits a scattering sample. The scattered pulse has a duration of several picoseconds. Using a reference path, the 
transmitted amplitude is measured at a single point in space and time, at the detector. The spatial phases of the incident beam are modified to optimize 
this amplitude. The result is a short transmitted pulse at the target location and time. Figure b reproduced from ref. 105, © 2003 APS. Figure c adapted 
from ref. 65, © 2011 APS.
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Polychromatic (i.e. temporal)

Spectral dependence
=

confinement time of 
light in the medium

The speckle figure



Hypothesis : linearity, reversibility of wave equation

A little help from acoustics : Time-reversal techniques

Step 1: record

Spatial and temporal focusing

A. Derode, P. Roux et M. Fink, Phys. Rev. Lett., 75, 4206 (1995)

Step 2: playback



Spatial shaping tools in Optics

Liquid crystals
Spatial Light Modulators : 

>1 million pixel
Phase modulation
course : 1 microns

limited speed :  50Hz

Deformable Mirrors :

10-100 actuators typical
course : 10-20 microns 

Speed > kHz

MEMS
Spatial Light Modulators :

Texas DLP/DMD 
>8 million pixel
binary ON/OFF

very fast speed : 24kHz

Not good ! Tool of choice
…until now!

Very promising…
…but need tweeking



camera or
single detector

laser

Wavefront 
modulator

Sample

How does the experiment look like? 



Wavefront shaping with CW light

Vellekoop and Mosk, Optics Letter, 2007

No shaping Wavefront shaping

Iterative optimization algorithm

Detector



Spatial Light Modulator Output speckle

(Simulations)

Optimization of optical intensity

Iterative approach:
à Optical feedback optimization

Focusing through a scattering medium



Spatial Light Modulator

(Simulations)

Output speckle Optimization of optical intensity

Iterative approach:
à Optical feedback optimization

Focusing through a scattering medium

« Perfect » Point spread function Vellekoop Nat. Photonics (2010)



SLM : array of pixels Linear system CCD camera : array of pixels

= ==

A more general approach : the transmission matrix
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Transmission matrix

input

ou
tp

ut

SLM : matrix of pixels camera CCD : matrix of pixels

Thick layer of paint=
“Ideal” system
• Linear
• Multiple scattering
• Stable
• No absorption

input

Amplitude measurement: 
digital holography

described in [16]. A speckle spot is chosen as the intended
target, and we use formula (2) to perform phase conjuga-
tion. The results obtained are shown in Fig. 2. We esti-
mated the experimental SNR defined by the ratio of the
intensity at the focus to the mean intensity of the speckle
outside. In Fig. 2(b), the result of the focusing on this single
spot shows a SNRexp ¼ 54which in par the results of the
focusing technique used in [16].

It is important to quantify the effect of both the phase-
only modulation and the reference speckle used to acquire
the TM of our complex medium. Indeed, rather then Ofoc,
the effective focusing operator includes a normalization to
take into account the phase-only modulation. For a single
spot focusing, Ofoc

norm ¼ KobsK
y
norm where knormij ¼ kij=jkijj.

In the representation of the focusing operator Ofoc
norm

[Fig. 2(c)], each line corresponds to the expected output
intensity image while focusing on any point of the CCD’s
observation window. The strong diagonal proves our abil-
ity to focus light on any of these spots. As an example
Fig. 2(d) shows focusing on 3 spots. It is worth noting that
Ofoc

norm presents weaker subdiagonals which are due to
correlations between neighboring pixels. Finally, we would
like to emphasize that the strong advantage of this focusing
technique, compared to a sequential algorithm, is that it is
not necessary to acquire anymore information to focus on
different or multiple spots in one step.

From a theoretical point of view, monochromatic phase
conjugation focusing through a multiple-scattering me-
dium has been studied in Derode et al. [23]. The general
formulation for the efficiency of this focusing is SNR "
Ngrains the total number of ‘‘information grains’’, or de-

grees of freedom. In our case, this number is the number of
independent pixels (or channels) which is the number N of
pixels controlled. In our experiment, the use of a reference
speckle limits the number of degrees of freedom. Denoting
! the fraction of the SLM used to acquire the TM, and
using the theoretical formalism developed in [23] the
effective SNR including the effect of the reference writes
SNRref ¼ "=4ð!N þ ð1% !Þ=!Þ " 0:8!N 8 N ' 1.
Here ð1% !Þ=! is the effect of the reference speckle which
contributes as noise at the focal spot, and the prefactor is
due to the phase-only modulation [16,24]. The experimen-
tal SNR of the focusing shown in Fig. 2(b) is 41% of
SNRref , with ! ¼ 65%.
We have shown that the TM of the medium is a powerful

tool that can be used to focus through a medium, but we
want to emphasize here that it extends well beyond focus-
ing. An example is the detection of an amplitude or phase
object placed at the entrance of the scattering sample.
Because of the spatial reciprocity of wave propagation
inside the scattering medium, the detection issue is recip-
rocal to the focusing one. Once the matrix is measured, one
can retrieve the initial input Eobj signal from the output

speckle Eout. Indeed, the reconstructed image reads Eimg "
Ky

obsEout ¼ OfocyEobj ¼ OfocEobj, which is almost equiva-

lent to the result obtained in a focusing scheme since Ofoc

has the same statistical properties than Ofoc
norm but without

the phase-only effects. In order to demonstrate the validity
of this approach we performed the following detection
experiment: instead of placing an object between the
SLM and the medium, the object is generated by the

SLM itself using two phase masks Eð1Þ
obj and Eð2Þ

obj. The

mask Eð1Þ
obj is a plane phase and Eð2Þ

obj is obtained by flipping

the phase of Nobj pixels from 0 to ". The amplitude Eð1Þ
out

and Eð2Þ
out of the output speckles are measured. The virtual

object Eð1Þ
obj % Eð2Þ

obj is an amplitude object, recovered by

calculating Eimg ¼ KobsðEð1Þ
out % Eð2Þ

outÞ. It gives the images

that would be obtained if an opaque screen drilled with
Nobj holes was placed at the pupil of the input microscope

objective. The results of this operation are shown in Fig. 3
for Nobj ¼ 1and Nobj ¼ 2. It is clear that a simple object

placed at the input of the sample can be reconstructed after
propagation, regardless of the randomness of the medium.
Considering that this imaging method is reciprocal of the
focusing one, the detection is achieved with the same SNR.
These experimental focusing and detection experiments

through a multiple-scattering sample are clear demonstra-
tions that the measured transmission matrix is physical,
i.e., effectively links the input optical field to the output
one. Theoretically, this matrix is related to the scattering
matrix and should be an extremely powerful tool for the
study of random and complex media. As a first step in this
direction, we performed the simplest analysis of the TM: a
singular value decomposition. Indeed, provided that there
is no ballistic wave in the field at the output of the sample,

FIG. 2 (color online). Experimental results of focusing.
(a) Initial aspect of the output speckle. (b) We measure the
TM for 256 controlled segments and use it to perform phase
conjugation. (c) Norm of the focusing operator Ofoc

norm.
(d) Example of focusing on several points. (The insets show
intensity profiles along one direction.)
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spot shows a SNRexp ¼ 54which in par the results of the
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obj is a plane phase and Eð2Þ

obj is obtained by flipping

the phase of Nobj pixels from 0 to ". The amplitude Eð1Þ
out

and Eð2Þ
out of the output speckles are measured. The virtual

object Eð1Þ
obj % Eð2Þ

obj is an amplitude object, recovered by

calculating Eimg ¼ KobsðEð1Þ
out % Eð2Þ

outÞ. It gives the images

that would be obtained if an opaque screen drilled with
Nobj holes was placed at the pupil of the input microscope

objective. The results of this operation are shown in Fig. 3
for Nobj ¼ 1and Nobj ¼ 2. It is clear that a simple object

placed at the input of the sample can be reconstructed after
propagation, regardless of the randomness of the medium.
Considering that this imaging method is reciprocal of the
focusing one, the detection is achieved with the same SNR.
These experimental focusing and detection experiments

through a multiple-scattering sample are clear demonstra-
tions that the measured transmission matrix is physical,
i.e., effectively links the input optical field to the output
one. Theoretically, this matrix is related to the scattering
matrix and should be an extremely powerful tool for the
study of random and complex media. As a first step in this
direction, we performed the simplest analysis of the TM: a
singular value decomposition. Indeed, provided that there
is no ballistic wave in the field at the output of the sample,

FIG. 2 (color online). Experimental results of focusing.
(a) Initial aspect of the output speckle. (b) We measure the
TM for 256 controlled segments and use it to perform phase
conjugation. (c) Norm of the focusing operator Ofoc

norm.
(d) Example of focusing on several points. (The insets show
intensity profiles along one direction.)
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singular values li = transmission amplitudes
singular vectors =   input output modes
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Optical elements such as lenses and polarizers are
used to modify the propagation of light. The transfor-
mations of the optical wave front that these elements
perform are described by simple and straightforward
transmission matrices (Fig. 1). The formalism of trans-
mission matrices is also used to microscopically de-
scribe the transmission through more complex optical
systems, including opaque materials such as a layer of
paint in which light is strongly scattered. A micro-
scopic description of this scattering process requires a
transmission matrix with an enormous number of ele-
ments. Sébastien Popoff, Geoffroy Lerosey, Rémi Carmi-
nati, Mathias Fink, Claude Boccara, and Sylvain Gigan
of the Institut Langevin in Paris now report in Physi-

cal Review Letters an experimental approach to micro-
scopically measure the transmission matrix for light
[1]. Knowledge of the transmission matrix promises a
deeper understanding of the transport properties and
enables precise control over light propagation through
complex photonic systems.

At first sight, opaque disordered materials such as pa-
per, paint, and biological tissue are completely different
from lenses and other clear optical elements. In disor-
dered materials all information in the wave front seems
to be lost due to multiple scattering. The propagation
of light in such materials is described very successfully
by a diffusion approach in which one discards phase in-
formation and considers only the intensity. An impor-
tant clue that phase information is very relevant in dis-
ordered systems was given by the observation of weak
photon localization in diffusive samples [2, 3]. Even ex-
tremely long light paths interfere constructively in the
exact backscattering direction, an interference effect that
can be observed in almost all multiple scattering sys-
tems. Interference in combination with very strong scat-

FIG. 1: Two optical elements fully characterized by their trans-
mission matrix, which relates the incident wave front to the
transmitted one. In the case of a thin lens, the transformation
of the wave front is described by a 2 ⇥ 2 matrix operating on a
vector describing the wave front curvature [27]. For more com-
plex elements such as a sugar cube the transmission matrix
operates in a basis of transversal modes, which is very large.
Full knowledge of the transmission matrix enables disordered
materials to focus light as lenses.

tering will even bring diffusion to a halt when condi-
tions are right for Anderson localization [4]. Since light
waves do not lose their coherence properties even af-
ter thousands of scattering events, the transport of light
through a disordered material is not dissipative at all,
but coherent, with a high information capacity [5].

A propagating monochromatic light wave is charac-
terized by the shape of its wave front. By choosing a
suitable basis, the wave front incident on a sample can
be decomposed into orthogonal modes. Typical choices
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Focusing, imaging
Polarizing, temporal and spectral control 

have been demonstrated

Huge applied interest for imaging, 
sensing, etc.

But slow, invasive, etc…(work in progress)

Can we go beyond shaping?
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Thin scattering sample – « angular memory »

Katz, Small, Silberberg, Nature Photonics, 6, 549-553 (2012), courtesy of Ori Katz
See also : Vellekoop, I. M., & Aegerter, C. M. (2010).. Optics Letters, 35(8), 1245–1247.



qmax » λ/2pL

Field of view in the diffusive regime (L>>l*) 

• L =  medium�s thickness (in transmission)
• Works WHATEVER the scattering properties of the medium
• Does NOT depend on the exact scattering properties of the medium
• Speckle translation FAR AWAY from the scatterer (not inside)

The memory effect – intuitive picture

L L

L

Rotation q

Take home message on Memory effect

Not just another “curious” speckle 
correlation 

• PSF of system = speckle pattern
• Isoplanetism = Memory effect
• some ME inside biological tissues

Is it useful? 



Retrieving an image from the speckle

)(    )(    )( xPSFxOxI *=

*=            

*=                   

I(x)«I(x) = O(x)«O(x) * PSF(x)«PSF(x)

Phase-
retrieval

blurry image

‘Memory effect’ [1,2]

=
Shift-invariance 

for: dq < λ�2pL

The incoherent 
imaging 
equation:

(Priors:  support, real, non-negativity)

Katz, Heidmann, Fink, Gigan, Nature Photonics 8, 784 (2014) [see also Bertolotti et al. Nature 2012].

[1] Freund et al. PRL 61 (1988)
[2] Feng et al. PRL, 61 (1988) 

(thickness = L)
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Through an Optical diffuser:

0

1

1 Imaging ‘around corners’
Q5 2 The presented technique can also work in reflection; that is, it can be

3 applied to the imaging of occluded objects ‘around the corner’ using
4 the light back-scattered from a diffusive wall. An experimental dem-
5 onstration of imaging using a single image of the diffuse back-scat-
6 tered light is presented in Fig. 4. The scattering sample in this
7 experiment is a thick layer of ZnO powder, which is essentially
8 white paint. The imaging resolution and FOV in reflection are
9 given by the same expressions as for transmission geometry but
10 by replacing the medium thickness L with the transport mean-
11 free-path l* (ref. 34). Remarkably, the stronger the scattering
12 (shorter mean-free-path), the larger the FOV. For highly scattering
13 white paint pigments l* is on the order of 1 µm (refs 8,39), corre-
14 sponding to an angular FOV exceeding several degrees. Here,
15 using only a standard camera, the scattering wall effectively serves
16 as a mirror.Q6 This is a significant simplification over previous
17 ‘around the corner’ imaging approaches18,40.

18 Seeing through a scattering layer with a camera-phone
19 As a final demonstration of the simplicity and applicability of the pre-
20 sented technique we show that the requirements for implementing it
21 (see Discussion) can be satisfied using consumer-grade handheld
22 cameras, as are available to millions today. To this end we repeated
23 the experiments of Fig. 2 using a Nokia Lumia 1020 smartphone,
24 which has a 41 megapixel sensor. We placed various objects 20 cm
25 from the diffuser and simply took an image of the scattered light
26 with the camera-phone, which was placed on the other side of the dif-
27 fuser (Fig. 5a,b). We retrieve the hidden objects from a single scattered
28 light image, taken at 1/100 to 1/20 s exposure times (Fig. 5c–g).
29 The major hurdles that should be considered when using such
30 low-cost imaging devices for these experiments are their fixed

31miniature optics, which dictate the viewing angle and magnification,
32and possibly introduce aberrations that limit the FOV. In addition,
33the Bayer colour filter sensor array introduces pixel-scale artefacts
34when interpolated to the full resolution. Finally, when processing
35images saved with the common JPEG compression and gamma cor-
36rection, additional artefacts and dynamic range limitations interfere
37with the reconstruction. However, these still allow the reconstruction
38of simple objects, as we demonstrate in Fig. 5g (in Fig. 5c–f, images
39were captured in a linear ‘digital RAW’ format, see Methods).

40Discussion
Q741Several conditions should be met in order to allow high-fidelity

42imaging with the presented technique. First, the object’s angular
43dimensions, as seen through the random medium, must be
44smaller than the memory-effect range (the FOV). In addition, the
45object’s axial dimensions should not extend beyond a distance of
46δz = (2λ/π)(u/D )2, which is the axial decorrelation length of the
47speckled PSF34. Parts of the object that lie beyond these ranges
48would produce uncorrelated speckle patterns and would not con-
49tribute properly to the calculated autocorrelation28. As a result,
50similar to other memory-effect-based techniques15,18,27 the approach
51is effective when the object’s distance from the scattering layer is
52considerably larger than the effective layer thickness. Potential
53applications include imaging in an eggshell geometry, where the
54scattering originates predominantly from a thin enclosing layer,
55LIDAR imaging through thin scattering layers, and imaging
56around corners. Wide-field imaging inside thick, multiply-scatter-
57ing tissue still presents a challenge. Interestingly, experimental
58characterization of the memory-effect range for a 0.5-mm-thick
59chicken breast tissue (Supplementary Fig. 8) gives a considerably
60larger angular FOV than that expected in the diffusive regime.
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Figure 3 | Non-invasive imaging of objects enclosed between two diffusers. a, Sketch of the experiment (Supplementary Fig. 1b). The object is placed
between two visually opaque diffusers (at distances of 20 mm and 18.5 cm, respectively). The object is illuminated through the first diffuser and the
scattered light pattern is observed through the second diffuser. b, Raw camera image of the scattered light (central part shown). c, Reconstructed image
from the autocorrelation of b. d, Object as imaged directly without any diffusers. e, Conventional imaging of the object through diffuser 1 (the object is
back-illuminated). f–i, As in b–e for a different object. Scale bars: 20 camera pixels, corresponding to 270 µm at the object plane.
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Real-time noninvasive imaging - experiments

laser

rotating diffuser

spatially incoherent illumination

BP filterOR:

Katz, Heidmann, Fink, Gigan, Nature Photonics 8, 784 (2014)
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Information-less?
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500 pixels

Can it work with something as simple as a camera phone ?

Katz, Heidmann, Fink, Gigan, Nature Photonics 8, 784 (2014)
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Interesting features:
• Single-shot (real-time acquisition)
• Lensless
• Diffraction-limited resolution
• Infinite depth-of-field 
• Simple: camera-phone only…

Can it work with something as simple as a camera phone?

Katz, Heidmann, Fink, Gigan, Nature Photonics 8, 784 (2014)



Labeyrie’s technique1 (1970)
A single 10Mpixel image (>106 speckles)
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[1] Labeyrie, Astron. Astrophys. 6, 85 (1970).

object<In> <In«In>

Main differences: 1) Diffuse light; 2) spatial rather than 
temporal averaging (speckle ‘ergodicity’)

Standing on the shoulder of the giants: Stellar interferometry



What is the mean path length  
in multiple light scattering

?

R. Savo, R. Pierrat, U. Najar, R. Carminati, S. Rotter, S. Gigan, 
Observation of mean path length invariance in light-scattering media
Science Vol. 358, Issue 6364, pp. 765-768 (2017) R. Savo (ONG-ETH)



EVERY essential features scales with 
the transport mean free path 
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Blanco and Fournier, An invariance property of diffusive random walks, EPL 61, 168 (2003)

…The mean path length is invariant !
(does not depends on the random walk

details, only on the geometry) 

A surprising property of diffusive random walks

in 3D

averaging over all 
possible inputs…



R. Pierrat et al., An invariance property of wave scattering through disordered media, PNAS (2014)

In 3D with and without resonances (in the diffusive regime):

In 2D waveguide in the Anderson localization regime

Theory for wave scattering

average path average time

Energy velocity

Monte Carlo simulations

Green function simulations



R. Pierrat et al., An invariance property of wave scattering through disordered media, PNAS (2014)

1-slide underlying physics

• The mean path-length only depends on the Density of State (DOS)
• DOS only depends on overall geometry (Weyl Law)

disorder

Important consequence: valid not just for disorder but for 
any distribution of refractive index (ordered, correlated…)

Homogeneous
volume Inhomogeneous

volume



No observation so far

Does light have the same optical path length here? 

Any observations of such invariance?

but nobody actually tried!
…so we tried!



Time-of-flight measurements:

L. Pattelli, R. Savo et al., Light: Science & Application (2016)

Requires: 
Femtoseconds resolution
Non-linear or interferometer detection
High dynamic range in time and 
intensity
Complex detection scheme 
Typically solid samples

Access to the complete 
distribution of path length P(s)

P(s)

Time-of-flight measurement? 



Dynamic media

Speckle evolve in time due to 
brownian motion

Detector

Accessing the path length distribution with a CW laser

Temporal field autocorrelation:

Diffusing Wave Spectroscopy (DWS)

G. Maret and P. E. Wolf, Multiple light scattering
from disordered media. The effect of brownian
motion of scatterers. Zeitschrift für Physik B
Condensed Matter (1987).
D.J. Pine, D.A. Weitz, P Chaikin, and E. Herbolzheimer,
Diffusing-Wave Spectrosocpy. Physical Review Letters
(1988).



Diffusing Wave Spectroscopy (DWS)

Extracting the mean path length

Slope at the origin
=

Direct measurement of 
<s>



Expected mean path length 

<s>=2R=8.45mm

+ Modification due to outer glass

Light sheet Isotropic illumination

Cylindrical geometry:

(Photon counting regime)

Detection:

Intensity measurement

0 =< angle <=175 degrees

Samples:

Polystyrene  beads in water

Controlled concentration & size

No absorption

Experiment



Measurement of the mean path length



Angular measurement and averaging

Global mean calculated  as



Observation of the invariance? 

ü Verification of the invariance of the mean path 
length on the disorder strength

ü Independent of the disorder strength
ü Valid whatever the microstructure
ü valid for all types of waves
ü application in light trapping? Photonic crystal 

design ? Sensors?
R.Savo et al., 

Science 358(6364) 765 (2017) 



Optical Computing

Exploiting randomness
For machine learning?
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Other « complex optics» Projects in the group

Deep Imaging in Scattering Media
Wavefront Shaping
+
Photoacoustics
(collab. E. Bossy)
T. Chaigne et al, NPhot. 8, 58–64 (2014)

Spatiotemporal Control

Spatial and spectral TM
Spatiotemporal focusing

Sci. Rep. 5,10347 (2015)
PRL (2016)

Complex quantum Optics

Non Classical state 
Propagation/control
In complex media

Collab B. Chatel, B. Smith, Walmsley, M. Barbieri
Optics Letters (2014) Sci. Adv. (2017)

Compressive imaging

Exploiting natural randomness
For more efficient imaging
systems

Collab L. Daudet (IL) F. Krzakala (LPS)
A. Liutkus et al. Scientific
B. Reports 4, 5552 (2014) 

+ Random Laser Control by pump shaping
"the random laser tamed", Nat. Phys (2014)
Collab P. Sebbah (IL)
+ Control of disordered plasmonic
structures (collab. Samuel Grésillon, IL)
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